Objective : A common cause of failure in laminectomy surgery is when epidural, peridural, or perineural adhesion occurs postoperatively. The purpose of this study is to examine the efficacy of a temperature-sensitive, anti-adhesive agent (TSAA agent), Guardix-SG ® , as a mechanical barrier for the prevention or reduction of peridural scar adhesion in a rabbit laminectomy model. Methods : Twenty-six mature rabbits were used for this study. Each rabbit underwent two separate laminectomies at lumbar vertebrae L3 and L6, left empty (the control group) and applied 2 mL of the TSAA agent (the experimental group), respectively. Invasive scar formation or inflammation after laminectomy was quantitatively evaluated by measuring the thickness of the dura, the distance from the surface of dura to the scar tissues, the number of inflammatory cells in the scar tissues at the laminectomy site, and the concentration of collagen in histological sections. Results : At 6 weeks postsurgery, the dura was significantly thinner and the distance from the surface of dura to the scar tissues was greater in the experimental group than in the control group (p=0.04 and p=0.01). The number of inflammatory cells was not significantly different in the two groups (p=0.08), although the mean number of inflammatory cells was relatively lower in the experimental group than in the control group. Conclusion : The current study suggests that the TSAA agent, Guardix-SG ® , could be useful as an interpositional physical barrier after laminectomy for the prevention or reduction of adhesion.
and radicular symptoms 29) . The operation time length and the incidence of iatrogenic nerve root damage and dural tears are often increased in these patients due to technical difficulties arising from the presence of epidural fibrosis or adhesion tissue from their initial surgeries 21, 24, 49) . Many factors have been suggested as triggers of adhesion formation, including foreign materials (e.g., starch, surgical gloves, and suture materials), infection, and duration of surgery 9, 52) . However, even the careful management of these factors has not reduced the rate of adhesion occurrence. Tissue hypoxia can also induce adhesion formation 40) ; a routine spinal surgery incision that interrupts blood circulation can produce hypoxia 52) , which alters the phenotype of normal fibroblasts to adhesion fibroblasts 39) and triggers superoxide production and inflammation 19) 
INTRODUCTION
Postoperative epidural fibrosis and adhesion are common occurrences during the healing process of injured tissue after a spinal operation. Postoperative epidural, peridural, or perineural adhesions after a laminectomy frequently results in failed spinal surgeries 1, 22) . A large number of patients also experience a recurrence of pain after spinal decompression surgery 7, 20, 29, 32) .
Consequently, approximately 19% of surgical patients undergo at least one additional spine operation within 5 years after the initial spinal operation 4, 5) , while as few as 65% of patients return to normal daily activities and only 61% return to work after spinal surgery 3) . Most of these patients undergo additional surgical procedures because of the development of new musculoskeletal Effects of a Temperature-Sensitive, Anti-Adhesive Agent on the Reduction of Adhesion in a Rabbit Laminectomy Model thus leading to postoperative adhesion.
Surgeons rely on several classic strategies for adhesion prevention or reduction. For example, they avoid the use of powdered gloves; minimize tissue handling and trauma; use sufficient irrigation; minimize the use of electro-coagulation; perform meticulous hemostasis; use small, biocompatible suture materials; and avoid desiccation of the tissue 27, 34, 47) . However, these surgical strategies are not completely effective. Various treatments, such as the use of low-dose irradiation, non-steroid anti-inflammatory drugs (NSAIDs), and steroids, have been tested for their ability to reduce peridural adhesion after spinal surgery 12, 14, 17) . The use of physical barriers has also been reported, including nonbiological synthetic membranes and forms, as well as free or pedicle fat grafts 6, 10, 11, 28, 42, 48) . Physical barriers rely on a separation of the injured tissue surface from adjacent tissues as the basic mechanism for the prevention of epidural adhesion 41) . Numerous studies have employed physical barrier methods to prevent postoperative tissue adhesion 10, 11, 16, 25, 28, 29, [35] [36] [37] 48) , but sufficient anti-adhesion effects can only be achieved if the barrier is placed between the dura and its surrounding tissues for an adequate amount of time, and after the healing process is complete, the barrier must be resolved or absorbed naturally into the body, rather than remaining as a foreign body. The barrier material must also be nontoxic while it is in the body 25, 51) .
Guardix-SG
® (Genewel, Dongsung Company, Seongnam, Korea) is a poloxamer-based, temperature-sensitive, anti-adhesive agent (TSAA agent) 18, 35, 36) . This TSAA agent is a complex consisting of crosslinked poloxamer, alginate, and CaCl2, that overcomes the most critical fault of poloxamer as a barrier materialabsorption by the body before an anti-adhesion effect can occur 43) . Notably, this TSAA agent also has the ability to transform from a solution to a gel form at body temperature, which enhances its properties as a physical barrier (Fig. 1) . The purpose of this study is to examine the efficacy of the TSAA agent as a mechanical barrier for the prevention or reduction of peridural scar adhesion in a rabbit laminectomy model.
MATERIALS AND METHODS

Animals
Because the rabbit laminectomy model is convenient and costeffective for evaluating postoperative adhesion using macroscopic and microscopic methods, many previous studies have used these models to evaluate various biological and nonbiological barrier materials.
This study was supported by the research fund of Genewel, Donsung Company. The Animal Care and Ethics Committee of Dongsung Company and Hanyang Medical Collage have approved all experimental protocols used in this study.
Sample size calculations were performed using STATA/IC 10 (Stata Corp., College Station, TX, USA). This study predicted a normalized mean effect size of 14.4% on the basis of a previous study that reported that the incidence of peridural adhesion was 48% 13) . With a significance level of 0.05 and a desired power of the experiment of 0.8, the minimal sample size needed to detect the difference of the effects between two groups was 23 rabbits. Therefore, by taking an attrition rate of 10% into consideration, this study used a total sample size of 26 mature New Zealand White rabbits (males, 10 weeks of age, and weighting 2 kg).
Surgical procedure
All rabbits were sedated with intramuscular Zoletil 50 (60 mg/kg; tiletamine chlorohydrate/zolazepam chlorohydrate, Vibac Laboratories, Seoul, Korea) and Rumpun (18.64 mg/kg; xylazine HCL, Bayer, Seoul, Korea). Before beginning the surgical procedure, the lower back area of each rabbits was shaved, and the operative field was sterilized with povidone. The paraspinal muscles were retracted subperiostically through a L2-S1 midline incision, and two separate laminectomies (10×5 mm 2 ) were performed at lumbar vertebrae L3 and L6 in each rabbit. The ligamentum flavum and peridural fat tissue were cleared away from the surgical site. Hemostasis was obtained using a bipolar coagulator. Each of the two laminectomy sites was treated differently : 1) At the lumbar vertebra L3 laminectomy site, the defect was left empty and covered by a re-approximation of soft tissue and skin (the control group), and 2) at the lumbar vertebra L6 laminectomy site, 2 mL of the TSAA agent was applied to the dura (the experimental group). The fascia was then closed with 3-0 Surgifit, and the skin was closed with 3-0 nylon sutures. After the operation, an intramuscular injection of antibiotics (Gentamicin sulfate 0.05 mL) was administered, and the rabbits were raised without any intervention. The rabbits were postoperatively housed in individual cages, received a normal diet, and were allowed normal activity.
Histological examination
Six weeks following the operation, the experimental animals were killed by an injection of a lethal dose of intramuscular Zoletil 50 (120 mg/kg) and Rumpun (37.28 mg/kg).
The lumbar vertebrae, together with their adjacent muscles, were removed en bloc at each of the two laminectomy sites. Specimens were fixed in a 10% buffered formalin solution for further histological examination a week later. Lumbar spine specimens were then decalcified in formic acid. After paraffin sections were obtained, each block was cut into 6 μm transverse sections. To ensure that evaluating various factors were performed using specimens that were as similar as possible, the middle section from each paraffin block was selected. The histological sections were then stained with Masson trichrome and hematoxylin and eosin.
Quantitative histological analyses were performed with a semi-automated image system, including a computer with im- Fig. 2 . Measurement of the thickness of the dura (μm) using a histological section (hematoxylin and eosin staining) from a laminectomy site six weeks after operation. Fig. 3 . Measurement of the distance from the surface of dura to the scar tissues (μm) using a histological section (hematoxylin and eosin staining) of a laminectomy site six weeks after operation. age analysis software (Image J, National Institutes of Health, Bethesda, MD, USA) and a high-resolution color monitor. Invasive scar formation or inflammation after the laminectomy was evaluated quantitatively by measuring 1) the thickness of the dura (μm) (Fig. 2) , 2) the distance from the surface of dura to the scar tissues (μm) (Fig. 3), 3 ) the number of inflammatory cells in the scar tissues at the site of laminectomy (No. of inflammatory cells/ mm 2 ) (Fig. 4) , and 4) the concentration of collagen (%/mm 2 ) (Fig. 5) . All examinations were performed by two observers. Each observer performed the evaluations twice and then averaged their results. The values presented here are the averages of the data from the two observers.
Statistical analysis
The anti-adhesion effects of the TSAA agent were evaluated by comparing the measurements of the four factors between the experimental group and the control group using the Student's ttest (SPSS for Windows, version 17.0; SPSS, Chicago, IL, USA). A statistical difference was considered significant when the pvalue was less than 0.05.
RESULTS
The general condition of all rabbits remained good after surgery, with no cases of postoperative paralysis or infection noted. As a result, the control group (for whom the defect was left empty and covered by a re-approximation of soft tissue and skin at the laminectomy site) and the experimental group (for whom 2 mL of the TSAA agent was applied to the dura) each consisted of 26 samples (Fig. 6, 7 , Table 1 ).
The thickness of the dura
The dura at postoperative 6 weeks was significantly thinner in the experimental group than in the control group (p=0.04). The mean thicknesses of the dura were 41.12 μm in the experimental group and 49.36 μm in the control group, retrospectively. The normal thickness of the dura in a rabbit is approximately 40 μm, so the thickness of the dura in the experimental group was indistinguishable from the normal thickness. This result sug- gests that inflammation in the dura after surgery was reduced by the TSAA agent.
The distance from the surface of dura to the scar tissues
The distance from the surface of dura to the scar tissues at postoperative 6 weeks was significantly greater in the TSAA agent treatment group than in the untreated group (p=0.01). The mean distances from the surface of dura to the scar tissues were 439.22 μm in the experimental group and 335.56 μm in the control group, retrospectively. The TSAA agent therefore appeared to prevent invasion by the surrounding scar tissue even under a potent inflammatory condition.
The number of inflammatory cells in the scar tissues at the site of laminectomy
The number of inflammatory cells at postoperative 6 weeks was not significantly different between the two groups (p=0.08), although the mean number of inflammatory cells was relatively lower in the experimental group than in the control group. The mean number of inflammatory cells was 274.3 cells/mm 2 in the experimental group and 376.0 cells/mm 2 in the control group. 
The concentration of collagen
The concentration of collagen at postoperative 6 weeks was significantly less in the experimental group than in the control group (p=0.02). The mean concentration of collagen was 18.75 %/mm 2 in the experimental group and 27.16 %/mm 2 in the control group, retrospectively. The concentration of collagen is closely related to peridural adhesion because the collagen concentration increases during fibrosis. Therefore, the TSAA agent appeared to reduce peridural adhesion and fibrosis after surgery.
DISCUSSION
Postoperative peridural adhesion causing compression or tethering of the nerve root has been proposed as one of the possible factors leading to a poor clinical outcome after a successful laminectomy 32, 38) . After surgery, some patients show increased susceptibility to recurrent disc herniation or stenosis because of scar tissues that may restrict nerve root mobility 42) . The relationship between clinical symptoms and adhesion formation is still unclear, but peridural scar adhesion is attributed to as many as 24% of all failed back surgery cases 38) . The precise mechanism of postoperative peridural adhesion is not clear. LaRocca and McNabb 26) have reported that epidural and peridural adhesion, forming a membrane called the laminectomy membrane, is caused by a posterior invasion of fibroblasts from the erector spinal muscles. Songer et al. 45) have proposed that epidural fibrosis arises from replacement of the epidural fat by a hematoma. The absorption of the hematoma then leads to replacement with granulation tissues, which mature into dense fibrotic tissue. However, regardless of the exact mechanism of formation of postoperative peridural adhesions, preventing or limiting fibroblast proliferation from coming into contact with the exposed dura in the early healing phase seems to be a key factor in preventing adhesion formation 8, 42) . In other words, postoperative peridural adhesion occurs following a proliferation of fibroblasts and biosynthesis of collagen and the extracellular matrix.
Many previous studies have used experimental animal models to determine the efficacy of various anti-adhesive agents for the prevention or reduction of adhesion 10, 11, 16, 25, 28, 29, [35] [36] [37] 48) . For example, Songer et al. 44, 45) have shown that the anti-adhesive agent sodium hyaluronic acid solution greatly reduced scar formation after a laminectomy and discectomy in a dog model. They found less fibrosis and thinner collagen layering around the nerve roots and dura in histological sections. The current study assessed the effects of the TSAA agent, Guardix-SG ® compared with an untreated group by utilizing the rabbit laminectomy model used in several previous studies and found that the thickness of the dura was significantly less and the distance from the surface of dura to the scar tissues was greater in the TSAA agent treatment group than in the untreated group.
Peridural adhesion after spinal surgery ultimately results in the release of vasoactive factors at the damage site and induces accumulation of inflammatory cells, thereby inducing the formation of collagen-rich vessels and infiltration of fibroblasts, macrophages, and giant cells. Gradually, the normal tissue is substituted by angiogranular tissue and the adhesion becomes permanent 16) . The current study has identified a significantly lower concentration of collagen in the experimental group than in the control group. The number of inflammatory cells was not significantly different in the two groups at postoperative 6 weeks, although the mean number of inflammatory cells was relatively lower in the experimental group than in the control group. These results suggest that the swelling of the dura or spinal cord due to inflammation was reduced by the TSAA agent treatment and that the TSAA agent effectively prevented invasion by scar tissue. Additionally, based on the observations of the rabbit histological sections, this study has indicated that treatment with the TSAA agent has several advantages. First, because the TSAA agent is a sterile, absorbable gel matrix, it is non-toxic and does not induce granuloma formation. Second, the anti-fibrotic properties of the TSAA agent are localized to the discrete area to which it is applied, so healing of the adjacent tissue is not significantly affected. No damage to the skin, the subcutaneous tissue, or the muscle was identified in the present study-the use of the TSAA agent primarily resulted in the prevention scar formation and adhesion adjacent to the dura at the laminectomy site.
As previously stated, histological sections were obtained at postoperative 6 weeks in this study. An experimental period of 6 weeks is short for evaluating the degree of peridural adhesion, but the formation of dense fibrosis at the laminectomy site at least 4 weeks postoperatively in rabbits is a reliable finding 46) . In addition, previous studies have reported that significant bone regeneration can be seen about 9 weeks postoperatively in rabbit models 46) . Therefore, this study limited the experimental period of peridural adhesion to only 6 weeks to eliminate the confounding bias of bone growth. In addition, in current study, the L3 laminectomy site only was used in the control group and the L6 laminectomy site only was used in the experimental group. Rabbits are quadrupeds with seven vertebrae. Because the difference is at least between the upper lumbar and lower lumbar in the quadrupeds, which is different from bipeds, different levels within same animal were used for the control and experimental groups 23) . In general, physical barriers, such as anti-adhesive agents, prevent adhesion after a laminectomy by a basic mechanism that involves the separation of the surrounding injured tissue surface from the adjacent dura membrane 41) . Many kinds of biological and nonbiological materials have been tested since LaRocca and McNabb first published the use of the laminectomy membrane in 1974 6, 10, 11, 16, 25, 28, 29, [35] [36] [37] 42, 48) . Among these, suitable materials for clinical use are film, solution, gel, and the recently developed sol-gel transition-type barriers. The film-type barrier is easily handled and can be cut into a shape that fits the form of the exposed area. However, the most critical disadvantage of the film barrier is potential reduction of the anti-adhesive effects because this type of barrier cannot ensure complete coverage of nerves in the marginal area after laminectomy and can cause the proliferation of fibrous tissue in gaps between the barrier and the tissues 15, 31) . The solution-type barrier can be easily applied to surgery irrespective of the shape of the exposed laminectomy site, and it overcomes the concerns regarding incomplete coverage of the nerves in the marginal area. However, it cannot be fixed onto the surgical site due to flow to other regions and can be drained too early by drainage catheters before adhesion can be prevented 2, 33) . The gel-type barrier can cover almost the whole site of the nerves in the marginal area regardless of the shape of the exposed laminectomy site because of its high shapemolding capacity or shape-filling effect. The disadvantage of the gel type is that the material is relatively difficult to handle 2, 51) . The current study investigated the effectiveness of the TSAA agent, Guardix-SG ® developed to remedy the shortcomings of the existing types of anti-adhesive agents. This TSAA agent is a complex of CaCl2, alginate, and poloxamer. Alginate, a hydrogel form extracted from seaweed, is commonly used clinically 36) . A previous study by Nagakura et al. 30) demonstrated that a pure viscous injectable alginate solution reduced scar formation by forming a physical barrier against fibroblast invasion and that it also stimulated wound healing in the surrounding tissue. Poloxamer, a complex of nonionic triblock copolymers of central hydrophobic polypropylene and side hydrophilic polyethylene, is used clinically as a surfactant because of its amphiphilic characteristics. Poloxamer exists in the solution form at room temperature but transforms to a gel form at body temperature. Therefore, it provides a convenient and efficient means for forming a firm physical barrier during a laminectomy procedure 36) . Reigel et al. 37) have demonstrated that poloxamer had an approximately 50% anti-adhesion effect in a rabbit laminectomy model. Furthermore, the gel that adhered to the tissue was hydrolyzed and, absorbed and was then excreted renally after several weeks 50) . Thus, the TSAA agent does not remain as a foreign body at the application site.
Limitations
Because the experimental period for this study was short, it was not possible to identify how the empty space between the surface of dura and the scar tissues, especially in the TSAA agent treatment group, would change over a longer time period postsurgery. Though 6 weeks are enough time for tissue adhesion and also disappearance of TSAA agent, tissue recovering after tissue adhesion was not possible to describe. To focus on this point, a longer-term experimental period is required for future studies.
A control group of this study was just irrigated with saline before the wound closure. Further grouping with NSAIDs, steroid, gelatin sponge, fibrinolytics or other anti-adhesive agents would make more various data and informations about peridural scar formation.
The methods used in the current study included a quantitative histological analysis to assess differences in postoperative peridural adhesion. The use of a semi-automatic analysis simplified surface measurements, including the thickness of the dura and the distance from the surface of dura to the scar tissues and provided good interobserver correlation. Nevertheless, determination of the number of inflammatory cells in the scar tissues and the concentration of collagen was poor because counting and measuring were difficult with the semi-automatic procedure and because of variations in different section areas despite attempts to ensure that inflammatory cell counts and collagen concentration measurements were performed using equivalent sections of the specimens. In addition, no discectomies were performed in the current study, so the possible correlation between the TSAA agent use and peridural adhesion at a discectomy site in terms of annular ligament healing processes could not be evaluated.
CONCLUSION
The TSAA agent, Guardix-SG ® is easily applied to a laminectomy site after spinal surgery, it ensures complete coverage of the dura, and it localizes to the desired area due to its gel-forming capacity at body temperature. This experimental study assessed the efficacy of the TSAA agent in the prevention of postoperative adhesions in a rabbit laminectomy model. The findings of this study show that the TSAA agent appears to be useful as an interpositional physical barrier after laminectomy for the prevention or reduction of adhesions. Further experimental studies are needed to confirm its clinical value.
